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(54) Ferromagnetic tunneling devices 

(57) A tunnel junction device (1 0) has a topography 
and/or interface layers 30-32 that enhance its magneto- 
resistance, maximizes spin tunneling trom areas of fer- 
romagnetic crystalline grains having high polarization 



and minimizes the effects of defect scattering at grain 
boundaries. The interface layers 30-32 enhance mag- 
netic polarization properties of ferromagnetic layers 
near interfaces to an insulating layer 1 4 in a tunnel junc- 
tion 10. 
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Description 

[0001] The present invention pertains to the field of ferromagnetic tunnel junctions. More particularly, this invention 
relates to ferromagnetic tunnel junctions having enhanced magneto-resistance. 
5 [0002] Ferromagnetic tunnel junctions may be employed in a variety of magnetic systems. For example, a ferromag- 
netic tunnel junction may be employed as a magnetic flux sensor. Such a magnetic flux sensor is useful in a recording 
head for sensing the magnetic flux emanating from a magnetic media such as a tape or disk. In addition, ferromagnetic 
tunnel junctions may be employed as the magnetic storage cells in a magnetic memory. 

[0003] Prior ferromagnetic tunnel junctions are usually formed with a pair of ferromagnetic layers separated by a thin 
io insulating layer. Typically, an electrical potential bias applied to the ferromagnetic layers causes the migration of elec- 
trons between the ferromagnetic layers through the insulating layer. The phenomenon that causes the migration of 
electrons through the insulating layer may be referred to as quantum mechanical tunneling or spin tunneling. 
[0004] Typically, the resistance of a ferromagnetic tunnel junction varies according to the relative orientations of 
magnetic moments in the ferromagnetic layers. A tunnel junction is usually in a low resistance state when the relative 
is orientations of magnetization are parallel. Conversely, a tunnel junction is usually in a high resistance state when the 
relative orientations are anti-parallel. 

[0005] A useful metric for characterizing a tunnel junction is its tunneling magneto-resistance (TMR). The TMR for 
a tunnel junction may be defined as its resistance in the high resistance state minus its resistance in the low resistance 
state divided by its resistance in the low resistance state. The TMR indicates a percentage change between the high 

20 and low resistance state of a tunnel junction. 

[0006] It is usually desirable to employ tunnel junctions with relatively high TMRs. For example, a magnetic memory 
cell having a tunnel junction with a relatively high TMR usually provides increased signal-to-noise ratio during read 
operations in comparison to a magnetic memory cell having a tunnel junction with a relatively low TMR. In addition, a 
magnetic recording head having a tunnel junction with a relatively high TMR typically yields increased sensitivity in 

25 comparison to a magnetic recording head having a tunnel junction with a low TMR. 

[0007] According to a first aspect of the present invention .there is provided a method for forming a tunnel junction, 
comprising the steps of: 

forming a first ferromagnetic layer with an upper surface having a topography which includes a set of domed areas 
30 and a set of intervening low areas; 

forming an insulating layer over the first ferromagnetic layer such that an upper surface of the insulating layer is 
substantially planar such that a path for electron migration between the first ferromagnetic layer and a second 
ferromagnetic layer in the tunnel junction is less above the domed areas than above the low areas. 

35 [0008] Preferably the step of forming a first ferromagnetic layer includes the step of forming one or more layers of 
materials below the first ferromagnetic layer wherein a thickness of the layers of materials is selected to cause formation 
of the domed areas during formation of the first ferromagnetic layer. The materials provide a pinning layer that fixes 
an orientation of magnetization in the first ferromagnetic layer. 

[0009] The intervening low areas may correspond to grain boundaries in a polycrystalline structure of the first ferro- 
40 magnetic layer. 

[001 0] One of the layers of materials may be selected to provide a lattice mismatch with the first ferromagnetic layer. 
[0011] The method may comprise the further steps of forming an interface layer at an interface between the insulating 
layer and the first ferromagnetic layer and forming at an interface between the insulating layer and the second ferro- 
magnetic layer. The interface layers are selected to enhance the magnetic polarization properties of the first and second 
45 ferromagnetic layers near the interfaces to the insulating layer. 

[0012] According to a second aspect of the present invention, there is provided a tunnel junction, comprising: 

a first ferromagnetic layer with an upper surface having a topography which includes a set of domed areas and a 
set of intervening low areas; 

50 an insulating layer over the first ferromagnetic layer wherein an upper surface of the insulating layer is substantially 

planar such that a path for electron migration between the first ferromagnetic layer and a second ferromagnetic 
layer in the tunnel junction is less above the domed areas than above the low areas. 

[001 3] The tunnel junction may further comprise one or more layers of materials below the first ferromagnetic layer 
55 wherein a thickness of the layers of materials is selected to cause formation of the domed areas during formation of 
the first ferromagnetic layer. 

[0014] According to a third aspect of the present invention, there is provided a tunnel junction comprising: 
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a first ferromagnetic layer; 
an insulating layer; 

a thin interface layer between the insulating layer and the first ferromagnetic layer which is selected to enhance 
magnetic polarization properties of the first ferromagnetic layer near an interface between the insulating layer and 
5 the first ferromagnetic layer. 

[001 5] The tunnel junction may further comprise: 

a second ferromagnetic layer; 

w a thin interface layer between the insulating layer and the second ferromagnetic layer which is selected to enhance 

magnetic polarization properties of the second ferromagnetic layer near an interface between the insulating layer 
and the second ferromagnetic layer. 

[0016] Preferably, the thin interface layers are each a layer of ferromagnetic material less than 4 nanometers thick. 
is [001 7] According to a fourth aspect of the present invention, there is provided a method for forming a tunnel junction, 
comprising the steps of: 

forming a first ferromagnetic layer; 

forming a first thin interface layer on the first ferromagnetic layer; 
20 forming an insulating layer on the first thin interface layer wherein the first thin interface layer enhances magnetic 

polarization properties of the first ferromagnetic layer near an interface between the first ferromagnetic layer and 
the insulating layer. 

[001 8] The method may comprise the further steps of: 

25 

forming a second thin interface layer on the insulating layer. 

forming a second feromagnetic layer on the second thin insulating layer wherein the second thin interface layer 
enhances magnetic polarization properties of the second ferromagnetic layer near an interface between the insu- 
lating layer and the second ferromagnetic layer. 

30 

[0019] Ferromagnetic tunnel junctions with enhanced magneto-resistance are disclosed. An enhanced magneto- 
resistance is realized in a tunnel junction having a topography that maximizes spin tunneling from areas of ferromagnetic 
crystalline grains having high polarization and minimizes the effects of defect scattering at grain boundaries. The to- 
pography of this tunnel junction includes a first ferromagnetic layer with domed areas and intervening low areas and 

35 an insulating layer having a substantially planar upper surface. The domed areas of the first ferromagnetic layer com- 
bined with the planar upper surface of the insulating layer provide a path for electron migration between the first fer- 
romagnetic layer and a second magnetic layer that is less above the domed areas than above the low areas. This 
tunnel junction structure minimizes the contribution to tunneling current from grain boundaries, i.e. low areas, and 
increases contribution from domed areas. In addition, an enhanced magneto-resistance is realized in a tunnel junction 

40 having thin interface layers that enhance magnetic polarization properties of ferromagnetic materials near the interfaces 
to the insulating layer in the tunnel junction. 

[0020] Other features and advantages of the present invention will be apparent from the detailed description that 
follows. 

[0021] The present invention is described with respect to particular exemplary embodiments thereof and reference 
45 is accordingly made to the drawings in which: 

Figure 1 illustrates a tunnel junction having a topography that enhances its tunneling magneto-resistance (TMR); 

Figure 2 illustrates a tunnel junction having a combination of topography and interface layers that enhance its 
so tunneling magneto-resistance (TMR); 

Figure 3 illustrates an example series of process steps for forming the topography of a tunnel junction that en- 
hances its TMR; 

ss Figure 4 illustrates a tunnel junction with interface layers that enhance its tunneling magneto-resistance (TMR). 

[0022] Figure 1 illustrates one embodiment of a tunnel junction 10 having a topography that enhances its tunneling 
magneto-resistance (TMR). The tunnel junction 10 in this embodiment includes a ferromagnetic layer 12, an insulating 
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layer 14, and a ferromagnetic layer 16. 

[0023] The tunnel junction 10 provides a domed topography in the ferromagnetic layer 1 2 including a set of domed 
areas such as domed areas 20-21 and intervening low areas such as low area 22. The low areas correspond to grain 
boundaries in the poly-crystalline lattice structure of the ferromagnetic layer 12 such as a grain boundary 15 between 

5 the domed areas 20-21 . The domed areas 20-21 are indicated having a dome diameter d and a dome height h. The 
tunnel junction 10 also provides a relatively planar topography of an upper surface 18 of the insulation layer 14. 
[0024] The domed topography of the ferromagnetic layer 1 2 combined with the relatively planar upper surface 1 8 of 
the insulating layer 14 positions the domed areas 20-21 closer to the ferromagnetic layer 16 than the low area 22. As 
a consequence, the path for electrons migrating from the domed areas 20-21 to the ferromagnetic layer 1 6 is substan- 

10 tially less than the path for electrons migrating from the low area 22 to the ferromagnetic layer 16. 

[0025] The domed areas 20-21 provide substantially all of the contribution to electron migration between the ferro- 
magnetic layers 12 and 16 because electron migration through the insulating layer 14 reduces exponentially as the 
path increases. The contribution to electron migration from the low area 22 is minimized, which thereby minimizes the 
scattering effects that may occur at the grain boundaries in the poly-crystalline structure of the ferromagnetic layer 1 2. 

is [0026] In addition, the magnetic polarization in the ferromagnetic layer 1 2 may be higher at the domed areas 20-21 
than at the low area 22 due to the higher degree of crystalline perfection at the domed areas 20-21 . The topography 
of the tunnel junction 12 provides that the high polarization portions of the ferromagnetic layer 12 contribute to the 
tunneling current. 

[0027] The ferromagnetic layers 12 and 16 are each formed of a layer of magnetic film such as nickel-iron. The 
20 insulating layer 14 in one embodiment is aluminum oxide which is formed in a manner that fills in the low area 22 and 

provides the relatively planar upper surface 18. In one embodiment, the insulating layer 14 is formed by depositing a 

layer of aluminum on to the ferromagnetic layer 1 2, which fills in the low areas, and then exposing it to an oxygen plasma. 

[0028] Figure 2 illustrates an embodiment of the tunnel junction 10 that includes a pair of interface layers 30 and 32 

that further enhance its tunneling magneto-resistance (TMR). The interface layers 30 and 32 are formed at the inter- 
ns faces between the ferromagnetic layers 1 2 and 1 6 and the insulating layer 1 4. The interface layer 30 is formed between 

the ferromagnetic layer 1 2 and the insulating layer 1 4 and the interface layer 32 is formed between the insulating layer 

14 and the ferromagnetic layer 16. 

[0029] The interface layers 30-32 are selected to enhance the magnetic polarization properties of the ferromagnetic 
materials 1 2 and 1 6 near the interfaces to the insulating layer 1 4. The interface layers 30-32 are layers of ferromagnetic 
30 material such as nickel, iron, cobalt, or alloys of these elements. 

[0030] The domed regions 20-21 that contribute to an elevated TMR value for the tunnel junction 1 0 may be described 
by the two dimensions shown of the dome diameter d and the dome height h (shown in Figure 1). The grain diameter 
for polycrystalline films is equivalent to the dome diameter d. 

[0031] A variety of methods well known in the art for controlling grain size may be applied to control the dome diameter 
35 d. Examples of such methods include the addition of seed layers, post<Ieposition annealing to facilitate grain growth, 
and control of deposition conditions, such as ambient pressure, film growth rate, film thickness, substrate bias, and 
substrate temperature. Many of these factors that control grain size also contribute to the control of the dome height h. 
[0032] An additional factor that may contribute to the domed topography is anisotropic growth rate. For example, if 
the majority of grains of the ferromagnetic layer 1 2 are oriented such that their crystallographic orientation with respect 
40 to a substrate normal is the same, and that particular orientation provides a preferred growth rate over other crystal- 
lographic orientations, then faceted or domed grains may be generated that are taller in the center than at the grain 
boundaries. 

[0033] Another mechanism for introducing surface topography in thin films is through stress, which can be created 
through the addition of lattice mismatched seed layers or by adjusting deposition conditions. Compressive stress is 
45 favorable for creating domed topography. 

[0034] Figure 3 illustrates an example series of process steps that enhance the TMR value of the tunnel junction 
10. These steps include the formation of a domed topography and the insertion of high polarization interfacial layers 
in the tunnel junction 1 0. 

[0035] The tunnel junction 10 is formed on a substrate 100 which may be oxidized silicon. Materials are deposited 
so on the substrate 100 in a manner that facilitates the formation of the domed structures in the ferromagnetic layer 12. 
[0036] In one embodiment, materials that facilitate the formation of the domed topography in the ferromagnetic layer 
12 include a first seed layer 40, a second seed layer 42, and an antiferromagnetic layer 44. The first seed layer 40 in 
this embodiment is a material such as tantalum (Ta). The second seed layer 42 may be nickel-iron (NiFe). The antif- 
erromagnetic material 44 may be iron manganese (FeMn). In this embodiment, the antiferromagnetic layer 44 provides 
55 a magnetic exchange film that pins the orientation of magnetization in the ferromagnetic layer 12. 

[0037] The materials in the tunnel junction 10 may be deposited by sputtering in an argon ambient at a pressure of 
5 milliTorr onto the substrate 100 which is held at room temperature and a ground potential. Film thickness is an 
important parameter in determining the diameter d and height h of the domed topography. In one embodiment, the first 
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seed layer 40 is 10 nanometers thick, the second seed layer 42 is 6 nanometers thick, the antiferromagnetic layer 44 
is 10 nanometers thick, and the ferromagnetic layer 12 is 12 nanometers which yields a cumulative thickness of poly- 
crystalline materials beneath the insulating layer 14 of 38 nanometers. This thickness is sufficient to generate the 
domed topography in the ferromagnetic layer 12. 

5 [0038] An interface layer 30 is then deposited over the domed topography of the ferromagnetic layer .1 2. The interface 
layer 30 conforms to the topography of the ferromagnetic layer 1 2. The insulating layer 1 4 is then formed by a deposition 
of aluminum that fills in the low areas 22 of the interface layer 30 and provides a planar upper surface. A subsequent 
oxidation step forms the aluminum oxide of the insulating layer 14. The interface layer 32 is then formed followed by 
the nickel-iron ferromagnetic layer 16. A cap layer 46 of material such as tantalum is formed over the ferromagnetic 

10 layer 16. 

[0039] The interface layers 30-32 that further enhance the TMR value of the tunnel junction 1 0 may be formed from 
nickel, cobalt, or iron, or alloys of these elements. The following table shows the effects of example configurations of 
the interface layers 30-32 in the tunnel junction 10. 



Interface element 


interface layer thickness 


TMR (%) measured at 0.050 volts 


nickel 


1 nanometer 


20.0 


nickel 


0.5 nanometers 


24.2 


none 




29.5 


iron 


0.25 manometers 


35.1 



[0040] In another embodiment, an ion etching step may be applied to either the ferromagnetic layer 12, the antifer- 
romagnetic layer 44, or the seed layers 40 and 42 at some point prior to the formation of the insulating layer 14. The 
25 ion etching step is performed to remove preferentially portions of the etched layer in the vicinity of the grain boundaries 
such as the grain boundary 15 so as to create the low areas such as the low area 22. This etching step provides the 
dome topography that together with the planarized upper surface 18 of the insulating layer 14 yields enhanced magneto 
resistance in the tunnel junction 10. 

[0041] The effect of the topography of the ferromagnetic layer 12 on the TMR value of the tunnel junction 10 may 
30 be characterized by comparing two structures, one with the domed topography described herein, and the other with a 
planar top surface of the ferromagnetic layer 12. In both cases the ferromagnetic layer 12 is nickel-iron, the insulating 
layer 14 is aluminum oxide formed through plasma oxidation of an aluminum film, and the ferromagnetic layer 16 is 
nickel-iron. 

[0042] Referring to Figure 3, comparison samples with planar top surfaces of the ferromagnetic layer 12 were pre- 
35 pared by moving the antiferromagnetic layer 44 from its position between layers 42 and 1 2 to a position between layers 
16 and 46. The interfacial layers 30 and 32 were not included in these samples that examined the role of topography. 
Samples having planar interfaces on both sides of the insulator layer 14 had an average TMR of 23.6%. Samples with 
the domed topography described herein had an average TMR of 29.5%. Analysis of the planarity of the interfaces was 
made by high resolution transmission electron microscopy on cross-sectioned samples. The dome height h of the 
40 planar samples was less than 0.6 nanometers, and the dome height on the intentionally roughened samples was about 
2.1 nanometers. 

[0043] Figure 4 shows a tunnel junction 50 with a planar topography that includes a pair of interface layers 60 and 
62 which enhance its TMR value. The tunnel junction 50 includes a ferromagnetic layer 52, an insulating layer 54, and 
a ferromagnetic layer 56 which may be formed on a substrate or on one or more intervening materials. The ferromag- 

45 netic layer 52 has a substantially planar upper surface without a bowed topology. 

[0044] The interface layers 60 and 62 are thin layers of ferromagnetic materials which are selected to enhance the 
magnetic polarization properties of the ferromagnetic layers 52 and 56 near the interfaces to the insulating layer 54. 
In one embodiment, the interface layers 60 and 62 are thin layers of less than 4 nanometers thickness. The interface 
layers 60 and 62 may be nickel, iron, cobalt, or alloys of these elements. 

so [0045] The foregoing detailed description of the present invention is provided for the purposes of illustration and is 
not intended to be exhaustive or to limit the invention to the precise embodiment disclosed. Accordingly, the scope of 
the present invention is defined by the appended claims. 

55 Claims 

1. A method for forming a tunnel junction (10), comprising the steps of: 
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forming a first ferromagnetic layer (12) with an upper surface having a topography which includes a set of 
domed areas (20-21) and a set of intervening low areas (22); 

forming an insulating layer (14) over the first ferromagnetic layer (12) such that an upper surface (18) of the 
insulating layer (14) is substantially planar such that a path for electron migration between the first ferromag- 
netic layer (12) and a second ferromagnetic layer (16) in the tunnel junction (10) is less above the domed 
areas (20-21) than above the low areas (22). 

. The method of claim 1, wherein the step of forming a first ferromagnetic layer (12) includes the step of forming 
one or more layers of materials belowthe first ferromagnetic layer (12) wherein a thickness of the layers of materials 
is selected to cause formation of the domed areas (20-21 ) during formation of the first ferromagnetic layer (1 2). 

. The method of claim 1 , further comprising the steps of forming an interface layer (30) at an interface between the 
insulating layer (14) and the first ferromagnetic layer (12). 

. A tunnel junction, (10) comprising: 

first ferromagnetic layer (1 2) with an upper surface having a topography which includes a set of domed areas 
(20-21 ) and a set of intervening low areas (22) ; 

an insulating layer (14) over the first ferromagnetic layer (12) wherein an upper surface (18) of the insulating 
layer (14) is substantially planar such that a path for electron migration between the first ferromagnetic layer 
(12) and a second ferromagnetic layer (16) in the tunnel junction (10) is less above the domed areas (20-21) 
than above the low areas (22). 

;. The tunnel junction (1 0) of claim 4, further comprising one or more layers of materials below the first ferromagnetic 
layer (1 2) wherein a thickness of the layers of materials is selected to cause formation of the domed areas (20-21) 
during formation of the first ferromagnetic layer (12). 

I A tunnel junction 910), comprising: 

first ferromagnetic layer (12); 
insulating layer (14); 

thin interface layer (30) between the insulating layer (1 4) and the first ferromagnetic layer (1 2) which is selected 
to enhance magnetic polarization properties of the first ferromagnetic layer (12) near an interface between the 
insulating layer (14) and the first ferromagnetic layer (12). 

7. The tunnel junction (10) of claim 6, further 

comprising: 

second ferromagnetic layer (16); 

thin interface layer (32) between the insulating layer (14) and the second ferromagnetic layer (16) which is 
selected to enhance magnetic polarization properties of the second ferromagnetic layer (16) near an interface 
between the insulating layer (14) and the second ferromagnetic layer (16). 

8. A method for forming a tunnel junction 910), 

comprising the steps of: 

forming a first ferromagnetic layer (12); 

forming a first thin interface layer (30) on the first ferromagnetic layer (12); 

forming an insulating layer (14) on the first thin interface layer (30) wherein the first thin interface layer (30) 
enhances magnetic polarization properties of the first ferromagnetic layer (12) near an interface between the 
first ferromagnetic layer (12) and the insulating layer (14). 

9. The method of claim 8, further comprising the steps of: 

forming a second thin interface layer (32) on the insulating layer (14); 
forming a second ferromagnetic layer (16) on the 

second thin insulating layer (14) wherein the second thin interface layer (32) enhances magnetic polarization 
properties of the second ferromagnetic layer (16) near an interface between the insulating layer (14) and the 
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10. The method of claim 9, wherein the steps of forming the first and second thin interface layers (30-32) each comprise 
the step of forming a layer of ferromagnetic material less than 4 nanometers thick. 
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Description 

[0001] The present invention pertains to the field of ferromagnetic tunnel junctions. More particularly, this invention 
relates to ferromagnetic tunnel junctions having enhanced magneto-resistance. 

[0002] Ferromagnetic tunnel junctions may be employed in a variety of magnetic systems. For example, a ferromag- 
netic tunnel junction may be employed as a magnetic flux sensor. Such a magnetic flux sensor is useful in a recording 
head for sensing the magnetic flux emanating from a magnetic media such as a tape or disk. In addition, ferromagnetic 
tunnel junctions may be employed as the magnetic storage cells in a magnetic memory. 

[0003] Prior ferromagnetic tunnel junctions are usually formed with a pair of ferromagnetic layers separated by a thin 
insulating layer. Typically, an electrical potential bias applied to the ferromagnetic layers causes the migration of elec- 
trons between the ferromagnetic layers through the insulating layer. The phenomenon that causes the migration of 
electrons through the insulating layer may be referred to as quantum mechanical tunneling or spin tunneling. 
[0004] Typically, the resistance of a ferromagnetic tunnel junction varies according to the relative orientations of 
magnetic moments in the ferromagnetic layers. A tunnel junction is usually in a low resistance state when the relative 
orientations of magnetization are parallel. Conversely, a tunnel junction is usually in a high resistance state when the 
relative orientations are anti-parallel. 

[0005] A useful metric for characterizing a tunnel junction is its tunneling magneto-resistance (TMR).. The TMR for 
a tunnel junction may be defined as its resistance in the high resistance state minus its resistance in the low resistance 
state divided by its resistance in the low resistance state. The TMR indicates a percentage change between the high 
and low resistance state of a tunnel junction. 

[0006] It is usually desirable to employ tunnel junctions with relatively high TMRs. For example, a magnetic memory 
cell having a tunnel junction with a relatively high TMR usually provides increased signal-to-noise ratio during read 
operations in comparison to a magnetic memory cell having a tunnel junction with a relatively low TMR. In addition, a 
magnetic recording head having a tunnel junction with a relatively high TMR typically yields increased sensitivity in 
comparison to a magnetic recording head having a tunnel junction with a low TMR. 

[0007] US-A-5, 650,958, which corresponds generally to the preamble of claim 6, discloses a tunnel junction device 
comprising an insulating tunnel junction layer between first and second ferromagnetic layers. 
[0008] According to a first aspect of the present invention.there is provided a method for forming a tunnel junction, 
comprising the steps of: 

forming a first ferromagnetic layer with an upper surface having a topography which includes a set of domed areas 
and a set of intervening low areas; 

forming an insulating layer over the first ferromagnetic layer such that an upper surface of the insulating layer is 
substantially planar such that a path for electron migration between the first ferromagnetic layer and a second 
ferromagnetic layer in the tunnel junction is less above the domed areas than above the low areas. 

[0009] Preferably the step of forming a first ferromagnetic layer includes the step of forming one or more layers of 
materials below the first ferromagnetic layer wherein a thickness of the layers of materials is selected to cause formation 
of the domed areas during formation of the first ferromagnetic layer. The materials provide a pinning layer that fixes 
an orientation of magnetization in the first ferromagnetic layer. 

[001 0] The intervening low areas may correspond to grain boundaries in a polycrystalline structure of the first ferro- 
magnetic layer. 

[001 1] One of the layers of materials may be selected to provide a lattice mismatch with the first ferromagnetic layer. 
[001 2] The method may comprise the further steps of forming an interface layer at an interface between the insulating 
layer and the first ferromagnetic layer and forming an interface layer between the insulating layer and the second 
ferromagnetic layer. The interface layers are selected to enhance the magnetic polarization properties of the first and 
second ferromagnetic layers near the interfaces to the insulating layer. 

[0013] Preferably, the thin interface layers are each a layer of ferromagnetic material less than 4 nanometers thick. 
[0014] According to a second aspect of the present invention, there is provided a tunnel junction, comprising: 

a first ferromagnetic layer; 

an insulating layer over the first ferromagnetic layer wherein an upper surface of the insulating layer is substantially 
planar; and 

a second ferromagnetic layer over the insulating layer; characterised in that 

the first ferromagnetic layer has an upper surface having a topography which includes a set of domed areas and 
a set of intervening low areas such that a path for electron migration between the first ferromagnetic layer and the 
second ferromagnetic layer is less above the domed areas than above the low areas. 
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[001 5] The tunnel junction may further comprise one or more layers of materials below the first ferromagnetic layer 
wherein a thickness of the layers of materials is selected to cause formation of the domed areas during formation of 
the first ferromagnetic layer. 

[001 6] According to a fourth aspect of the present invention, there is provided a method for forming a tunnel junction, 
5 comprising the steps of: 

forming a first ferromagnetic layer; 

forming a first thin interface layer on the first ferromagnetic layer; 

forming an insulating layer on the first thin interface layer wherein the first thin interface layer enhances magnetic 
10 polarization properties of the first ferromagnetic layer near an interface between the first ferromagnetic layer and 

the insulating layer. 

[0017] The method may comprise the further steps of: 

15 forming a second thin interface layer on the insulating layer. 

forming a second feromagnetic layer on the second thin insulating layer wherein the second thin interface layer 
enhances magnetic polarization properties of the second ferromagnetic layer near an interface between the insu- 
lating layer and the second ferromagnetic layer. 

20 [0018] Ferromagnetic tunnel junctions with enhanced magneto-resistance are disclosed. An enhanced magneto- 
resistance is realized in a tunnel junction having a topography that maximizes spin tunneling from areas of ferromagnetic 
crystalline grains having high polarization and minimizes the effects of defect scattering at grain boundaries. The to- 
pography of this tunnel junction includes a first ferromagnetic layer with domed areas and intervening low areas and 
an insulating layer having a substantially planar upper surface. The domed areas of the first ferromagnetic layer com- 

25 bined with the planar upper surface of the insulating layer provide a path for electron migration between the first fer- 
romagnetic layer and a second magnetic layer that is less above the domed areas than above the low areas. This 
tunnel junction structure minimizes the contribution to tunneling current from grain boundaries, i.e. low areas, and 
increases contribution from domed areas. In addition, an enhanced magneto-resistance is realized in a tunnel junction 
having thin interface layers that enhance magnetic polarization properties of ferromagnetic materials near the interfaces 

30 to the insulating layer in the tunnel junction. 

[0019] Other features and advantages of the present invention will be apparent from the detailed description that 

follows. 

[0020] The present invention is described with respect to particular exemplary embodiments thereof and reference 
is accordingly made to the drawings in which: 

35 

Figure 1 illustrates a tunnel junction having a topography that enhances its tunneling magneto-resistance (TMR); 

Figure 2 illustrates a tunnel junction having a combination of topography and interface layers that enhance its 
tunneling magneto-resistance (TMR); and 

40 

Figure 3 illustrates an example series of process steps for forming the topography of a tunnel junction that en- 
hances its TMR. 

[0021] Figure 1 illustrates one embodiment of a tunnel junction 10 having a topography that enhances its tunneling 
45 magneto-resistance (TMR). The tunnel junction 10 in this embodiment includes a ferromagnetic layer 12, an insulating 
layer 14, and a ferromagnetic layer 16. 

[0022] The tunnel junction 1 0 provides a domed topography in the ferromagnetic layer 1 2 including a set of domed 
areas such as domed areas 20-21 and intervening low areas such as low area 22. The low areas correspond to grain 
boundaries in the poly-crystalline lattice structure of the ferromagnetic layer 12 such as a grain boundary 15 between 

50 the domed areas 20-21 . The domed areas 20-21 are indicated having a dome diameter d and a dome height h. The 
tunnel junction 10 also provides a relatively planar topography of an upper surface 1 8 of the insulation layer 14. 
[0023] The domed topography of the ferromagnetic layer 1 2 combined with the relatively planar upper surface 1 8 of 
the insulating layer 14 positions the domed areas 20-21 closer to the ferromagnetic layer 16 than the low area 22. As 
a consequence, the path for electrons migrating from the domed areas 20-21 to the ferromagnetic layer 16 is substan- 

55 tially less than the path for electrons migrating from the low area 22 to the ferromagnetic layer 16. 

[0024] The domed areas 20-21 provide substantially all of the contribution to electron migration between the ferro- 
magnetic layers 12 and 16 because electron migration through the insulating layer 14 reduces exponentially as the 
path increases. The contribution to electron migration from the low area 22 is minimized, which thereby minimizes the 
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scattering effects that may occur at the grain boundaries in the poly-crystalline structure of the ferromagnetic layer 12. 
[0025] In addition, the magnetic polarization in the ferromagnetic layer 12 may be higher at the domed areas 20-21 
than at the low area 22 due to the higher degree of crystalline perfection at the domed areas 20-21. The topography 
of the tunnel junction 12 provides that the high polarization portions of the ferromagnetic layer 12 contribute to the 
5 tunneling current. 

[0026] The ferromagnetic layers 12 and 16 are each formed of a layer of magnetic film such as nickel-iron. The 
insulating layer 14 in one embodiment is aluminum oxide which is formed in a manner that fills in the low area 22 and 
provides the relatively planar upper surface 18. In one embodiment, the insulating layer 14 is formed by depositing a 
layer of aluminum on to the ferromagnetic layer 12, which fills in the low areas, and then exposing it to an oxygen plasma. 

10 [0027] Figure 2 illustrates an embodiment of the tunnel junction 10 that includes a pair of interface layers 30 and 32 
that further enhance its tunneling magneto-resistance (TMR). The interface layers 30 and 32 are forced at the interfaces 
between the ferromagnetic layers 12 and 16 and the insulating layer 14. The interface layer 30 is forced between the 
ferromagnetic layer 12 and the insulating layer 14 and the interface layer 32 is formed between the insulating layer 14 
and the ferromagnetic layer 16. 

15 [0028] The interface layers 30-32 are selected to enhance the magnetic polarization properties of the ferromagnetic 
materials 1 2 and 1 6 near the interfaces to the insulating layer 1 4. The interface layers 30-32 are layers of ferromagnetic 
material such as nickel, iron, cobalt, or alloys of these elements. 

[0029] The domed regions 20-21 that contribute to an elevated TMR value for the tunnel junction 1 0 may be described 
by the two dimensions shown of the dome diameter d and the dome height h (shown in Figure 1). The grain diameter 

20 for polycrystalline films is equivalent to the dome diameter d. 

[0030] A variety of methods well known in the art for controlling grain size may be applied to control the dome diameter 
d. Examples of such methods include the addition of seed layers, post-deposition annealing to facilitate grain growth, 
and control of deposition conditions, such as ambient pressure, film growth rate, film thickness, substrate bias, and 
substrate temperature. Many of these factors that control grain size also contribute to the control of the dome height h. 

25 [0031] An additional factor that may contribute to the domed topography is anisotropic growth rate. For example, if 
the majority of grains of the ferromagnetic layer 1 2 are oriented such that their crystallographic orientation with respect 
to a substrate normal is the same, and that particular orientation provides a preferred growth rate over other crystal- 
lographic orientations, then faceted or domed grains may be generated that are taller in the center than at the grain 
boundaries. 

30 [0032] Another mechanism for introducing surface topography in thin films is through stress, which can be created 
through the addition of lattice mismatched seed layers or by adjusting deposition conditions. Compressive stress is 
favorable for creating domed topography. 

[0033] Figure 3 illustrates an example series of process steps that enhance the TMR value of the tunnel junction 
10. These steps include the formation of a domed topography and the insertion of high polarization interfacial layers 

35 in the tunnel junction 10. 

[0034] The tunnel junction 10 is formed on a substrate 100 which may be oxidized silicon. Materials are deposited 
on the substrate 100 in a manner that facilitates the formation of the domed structures in the ferromagnetic layer 12. 
[0035] In one embodiment, materials that facilitate the formation of the domed topography in the ferromagnetic layer 
12 include a first seed layer 40, a second seed layer 42, and an antiferromagnetic layer 44. The first seed layer 40 in 

40 this embodiment is a material such as tantalum (Ta). The second seed layer 42 may be nickel-iron (NiFe). The antif- 
erromagnetic material 44 may be iron manganese (FeMn). In this embodiment, the antiferromagnetic layer 44 provides 
a magnetic exchange film that pins the orientation of magnetization in the ferromagnetic layer 12. 
[0036] The materials in the tunnel junction 10 may be deposited by sputtering in an argon ambient at a pressure of 
5 milliTorr onto the substrate 100 which is held at room temperature and a ground potential. Film thickness is an 

45 important parameter in determining the diameter d and height h of the domed topography. In one embodiment, the first 
seed layer 40 is 10 nanometers thick, the second seed layer 42 is 6 nanometers thick, the antiferromagnetic layer 44 
is 10 nanometers thick, and the ferromagnetic layer 12 is 12 nanometers which yields a cumulative thickness of poly- 
crystalline materials beneath the insulating layer 14 of 38 nanometers. This thickness is sufficient to generate the 
domed topography in the ferromagnetic layer 12. 

50 [0037] An interface layer 30 is then deposited over the domed topography of the ferromagnetic layer 12. The interface 
layer 30 conforms to the topography of the ferromagnetic layer 1 2. The insulating layer 1 4 is then formed by a deposition 
of aluminum that fills in the low areas 22 of the interface layer 30 and provides a planar upper surface. A subsequent 
oxidation step forms the aluminum oxide of the insulating layer 14. The interface layer 32 is then formed followed by 
the nickel-iron ferromagnetic layer 16. A cap layer 46 of material such as tantalum is formed over the ferromagnetic 

55 layer 16. 

[0038] The interface layers 30-32 that further enhance the TMR value of the tunnel junction 10 may be formed from 
nickel, cobalt, or iron, or alloys of these elements. The following table shows the effects of example configurations of 
the interface layers 30-32 in the tunnel junction 10. 
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Interface element 


interface layer thickness 


TMR (%) measured at 0.050 volts 


nickel 


1 nanometer 


20.0 


nickel 


0.5 nanometers 


24.2 


none 




29.5 


iron 


nanometers ^^^^^^^^^^^^^PUOPJ 



[0039] In another embodiment, an ion etching step may be applied to either the ferromagnetic layer 12, the antifer- 
romagnetic layer 44, or the seed layers 40 and 42 at some point prior to the formation of the insulating layer 14. The 
ion etching step is performed to remove preferentially portions of the etched layer in the vicinity of the grain boundaries 
such as the grain boundary 15 so as to create the low areas such as the low area 22. This etching step provides the 
dome topography that together with the planarized upper surface 1 8 of the insulating layer 1 4 yields enhanced magneto 
resistance in the tunnel junction 10. 

[0040] The effect of the topography of the ferromagnetic layer 12 on the TMR value of the tunnel junction 10 may 
be characterized by comparing two structures, one with the domed topography described herein, and the other with a 
planar top surface of the ferromagnetic layer 12. In both cases the ferromagnetic layer 12 is nickel-iron, the insulating 
layer 14 is aluminum oxide formed through plasma oxidation of an aluminum film, and the ferromagnetic layer 16 is 
nickel-iron. 

[0041] Referring to Figure 3, comparison samples with planar top surfaces of the ferromagnetic layer 12 were pre- 
pared by moving the antiferromagnetic layer 44 from its position between layers 42 and 12 to a position between layers 
16 and 46. The interfacial layers 30 and 32 were not included in these samples that examined the role of topography. 
Samples having planar interfaces on both sides of the insulator layer 14 had an average TMR of 23.6%. Samples with 
the domed topography described herein had an average TMR of 29.5%. Analysis of the planarity of the interfaces was 
made by high resolution transmission electron microscopy on cross-sectioned samples. The dome height h of the 
planar samples was less than 0.6 nanometers, and the dome height on the intentionally roughened samples was about 
2.1 nanometers. 
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Claims 



1. A method of forming a tunnel junction (10), comprising the steps of: 
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forming a first ferromagnetic layer (12) with an upper surface having a topography which includes a set of 
domed areas (20-21) and a set of intervening low areas (22); 

forming an insulating layer (14) over the first ferromagnetic layer (12) such that an upper surface (18) of the 
insulating layer (14) is substantially planar such that a path for electron migration between the first ferromag- 
netic layer (12) and a second ferromagnetic layer (16) in the tunnel junction (10) is less above the domed 
areas (20-21) than above the low areas (22). 
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2. The method of claim 1, wherein the step of forming a first ferromagnetic layer (12) includes the step of forming 
one or more layers of materials below the first ferromagnetic layer (12) wherein a thickness of the layers of materials 
is selected to cause formation of the domed areas (20-21) during formation of the first ferromagnetic layer (12). 

3. The method of claim 1 or 2, further comprising the step of forming an interface layer (30) at an interface between 
the insulating layer (14) and the first ferromagnetic layer (12). 

4. The method of claim 3, further comprising the step of: 

forming a second interface layer (32) between the insulating layer (14) and the second ferromagnetic layer (16). 



55 



5. The method of claim 4, wherein the steps of forming the first and second thin interface layers (30-32) each comprise 
the step of forming a layer of ferromagnetic material less than 4 nanometers thick. 

6. A tunnel junction, (10) comprising: 
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a first ferromagnetic layer (12); 

an insulating layer (14) over the first ferromagnetic layer (12) wherein an upper surface (18) of the insulating 
layer (14) is substantially planar; and 

a second ferromagnetic layer (16) over the insulating layer (14); characterised in that 
the first ferromagnetic layer has an upper surface having a topography which includes a set of domed areas 
(20-21) and a set of intervening low areas (22) such that a path for electron migration between the first ferro- 
magnetic layer ( 1 2) and the second ferromagnetic layer ( 1 6) is less above the domed areas (20-21 ) than above 
the low areas (22). 

7. The tunnel junction (10) of claim 6, 

further comprising one or more layers of materials below the first ferromagnetic layer (12) wherein a thickness 
of the layers of materials is selected to cause formation of the domed areas (20-21) during formation of the first 
ferromagnetic layer (12). 

8. The tunnel junction of claim 6 or 7, further comprising a thin interface layer (30) between the insulating layer (14) 
and the first ferromagnetic layer (12) which is selected to enhance magnetic polarization properties of the first 
ferromagnetic layer (12) near an interface between the insulating layer (14) and the first ferromagnetic layer (12). 

9. The tunnel junction (10) of claim 8, further comprising a thin interface layer (32) between the insulating layer (14) 
and the second ferromagnetic layer (16) which is selected to enhance magnetic polarization properties of the 
second ferromagnetic layer (16) near an interface between the insulating layer (14) and the second ferromagnetic 
layer (16). 

10. The tunnel junction of claim 9 wherein the first and second interface layers are each a layer of ferromagnetic 
material less than 4 nanometers thick. 

Patentanspriiche 

1. Ein Verfahren zum Bilden eines Tunnelubergangs (10), das folgende Schritte umfaftt: 

Bilden einer ersten ferromagnetischen Schicht (12) mit einer oberen Oberflache, die eine Topographie auf- 
weist, die einen Satz von gewolbten Bereichen (20 - 21) und einen Satz von dazwischenliegenden tiefen 
Bereichen (22) umfalit; 

Bilden einer isolierenden Schicht (14) uber der ersten ferromagnetischen Schicht (12), so dafi eine obere 
Oberflache (18) der isolierenden Schicht (14) im wesentlichen planar ist, so dafc ein Weg fur eine Elektronen- 
migration zwischen der ersten ferromagnetischen Schicht (12) und einer zweiten ferromagnetischen Schicht 
(16) in dem Tunnelubergang (10) uber den gewolbten Bereichen (20 - 21) geringer ist als uber den tiefen 
Bereichen (22). 

2. Das Verfahren gemaR Anspruch 1, bei dem der Schritt des Bildens einer ersten ferromagnetischen Schicht (12) 
den Schritt des Bildens einer Oder mehrerer Schichten von Material unter der ersten ferromagnetischen Schicht 
(1 2) umfalit, wobei eine Dicke der Schicht von Materialien ausgewahlt ist, urn eine Bildung der gewolbten Bereiche 
(20 - 21) wahrend der Bildung der ersten ferromagnetischen Schicht (12) zu bewirken. 

3. Das Verfahren gemali Anspruch 1 oder 2, das ferner den Schritt des Bildens einer Grenzflachenschicht (30) an 
einer Grenzflache zwischen der isolierenden Schicht (14) und der ersten ferromagnetischen Schicht (12) umfafM. 

4. Das Verfahren gemafi Anspruch 3, das ferner folgenden Schritt umfa&t: 

Bilden einer zweiten Grenzflachenschicht (32) zwischen der isolierenden Schicht (14) und der zweiten ferro- 
magnetischen Schicht (16). 

5. Das Verfahren gemali Anspruch 4, bei dem die Schritte des Bildens der ersten und der zweiten dunnen Grenz- 
flachenschicht (30 - 32) jeweils den Schritt des Bildens einer Schicht aus ferromagnetischen Material umfassen, 
die weniger als 4 Nanometer dick ist. 
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6. Ein Tunnelubergang (10), der folgende Merkmale umfalM: 

eine erste ferromagnetische Schicht (12); 

5 eine isolierende Schicht (14) uber der ersten ferromagnetischen Schicht (12), wobei eine obere Oberflache 

(18) der isolierenden Schicht (14) im wesentlichen planar ist; und 

eine zweite ferromagnetische Schicht (16) uber der isolierenden Schicht (14); dadurch gekennzeichnet, daB 

10 die erste ferromagnetische Schicht eine obere Oberflache aufweist, die eine Topographie aufweist, die einen 

Satz von gewolbten Bereichen (20 - 21 ) und einen Satz von dazwischenliegenden tiefen Bereichen (22) um- 
faftt, so daft ein Weg fur eine Elektronenmigration zwischen der ersten ferromagnetischen Schicht (12) und 
der zweiten ferromagnetischen Schicht (16) uber den gewolbten Bereichen (20-21) geringer ist als uber den 
tiefen Bereichen (22). 

15 

7. Der Tunnelubergang (10) gemafl Anspruch 6, der ferner eine oder mehrere Materialschichten unter der ersten 
ferromagnetischen Schicht (12) umfa&t, wobei eine Dikke der Materialschichten ausgewahlt ist, urn eine Bildung 
der gewolbten Bereiche (20-21) wahrend der Bildung der ersten ferromagnetischen Schicht (12) zu bewirken. 

20 8. Der Tunnelubergang (10) gemafc Anspruch 6 oder 7, der ferner eine dunne Grenzflachenschicht (30) zwischen 
der isolierenden Schicht (14) und der ersten ferromagnetischen Schicht (12) umfafit, die ausgewahlt ist, um ma- 
gnetische Polarisationseigenschaften der ersten ferromagnetischen Schicht (12) nahe einer Grenzflache zwischen 
der isolierenden Schicht (14) und der ersten ferromagnetischen Schicht (12) zu verbessern. 

25 9. Der Tunnelubergang (10) gemaB Anspruch 8, der ferner eine dunne Grenzflachenschicht (32) zwischen der iso- 
lierenden Schicht (14) und der zweiten ferromagnetischen Schicht (1 6) umfalit, die ausgewahlt ist, um magnetische 
Polarisationseigenschaften der zweiten ferromagnetischen Schicht (16) in der Nahe einer Grenzflache zwischen 
der isolierenden Schicht (14) und der zweiten ferromagnetischen Schicht (16) zu verbessern. 

30 10. Der Tunnelubergang (10) gemafi Anspruch 9, bei dem die erste und die zweite Grenzflachenschicht jeweils eine 
Schicht aus ferromagnetischen Material sind, die weniger als 4 Nanometer dick ist. 



Revendications 

35 

1. Un procede de formation d'une jonction a effet tunnel (10), comprenant les etapes de : 

formation d'une premiere couche ferromagnetique (12) avec une surface superieure ayant une topographie 
qui inclut un ensemble de surfaces hemispheriques (20-21) et un ensemble de surfaces basses intermediates 
40 (22) ; 

formation d'une couche isolante (14) sur la premiere couche ferromagnetique (1 2) de telle facon qu'une surface 
superieure (18) de la couche isolante (14) est en grande partie planaire afin qu'un cheminement pour la mi- 
gration electronique entre la premiere couche ferromagnetique (12) et une seconde couche ferromagnetique 
(16) dans la jonction a effet tunnel (10) se produise de preference au-dessus des surfaces basses (22) qu'au- 
45 dessus des surfaces hemispheriques (20-21). 

2. Le procede de la revendication 1 , dans lequel I'etape de formation d'une premiere couche ferromagnetique (12) 
inclut Tetape de formation d'une ou de plusieurs couches de materiaux sous la premiere couche ferromagnetique 
(12) dans laquelie une epaisseur des couches de materiaux est choisie pour entramer la formation des surfaces 

50 hemispheriques (20-21) pendant la formation de la premiere couche ferromagnetique (12). 

3. Le procede de la revendication 1 ou 2, comprenant de plus I'etape de formation d'une couche d'interface (30) a 
une interface entre la couche isolante (14) et la premiere couche ferromagnetique (12). 

55 4. Le procede de la revendication 3, comprenant de plus I'etape de : 

formation d'une seconde couche d'interface (32) entre la couche isolante (14) et la seconde couche ferroma- 
gnetique (16). 
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5. Le procede de la revendication 4, dans lequel les etapes de formation des premiere et seconde couches fines 
d'interface (30-32) comprennent chacune I'etape de formation d'une couche de materiau ferromagnetique dont 
I'epatsseur est inferieure a 4 nanometres. 

5 6. line jonction a effet tunnel, (10) comprenant : 

une premiere couche ferromagnetique (12) ; 

une couche isolante (14) sur la premiere couche ferromagnetique (12) dans laquelle une surface superieure 
(18) de la couche isolante (14) est en grande partie planaire ; et 
10 une seconde couche ferromagnetique (16) sur la couche isolante (14) ; 

caracterisee par le fait que 

la premiere couche ferromagnetique a une surface superieure ayant une topographie qui inclut un ensemble 
de surfaces hemispheriques (20-21) et un ensemble de surfaces basses intermediaires (22) de telle facon qu'un 
15 cheminement pour la migration electronique entre la premiere couche ferromagnetique (1 2) et la seconde couche 

ferromagnetique (16) se produise de preference au-dessus des surfaces basses (22) qu'au-dessus des surfaces 
hemispheriques (20*21). 

7. La jonction a effet tunnel (10) de la revendication 6, 

20 comprenant de plus une ou plusieurs couches de materiaux sous la premiere couche ferromagnetique (12) 

dans laquelle une epaisseur des couches de materiaux est choisie pour entraTner la formation des surfaces he- 
mispheriques (20-21) pendant la formation de la premiere couche ferromagnetique (12). 

8. La jonction a effet tunnel de la revendication 6 ou 7, comprenant de plus une mince couche d'interface (30) entre 
25 la couche isolante (14) et la premiere couche ferromagnetique (12) qui est choisie pour accroitre les proprietes 

de polarisation magnetique de la premiere couche ferromagnetique (12) a proximite d'une interface entre la couche 
isolante (14) et la premiere couche ferromagnetique (12). 

9. La jonction a effet tunnel (10) de la revendication 8, comprenant de plus une mince couche d'interface (32) entre 
30 la couche isolante (14) et la seconde couche ferromagnetique (16) qui est choisie pour accroTtre les proprietes de 

polarisation magnetique de la seconde couche ferromagnetique (16) a proximite d'une interface entre la couche 
isolante (14) et la seconde couche ferromagnetique (16). 

10. La jonction a effet tunnel de la revendication 9 dans laquelle les premiere et seconde couches d'interface sont 
35 chacune une couche de materiau ferromagnetique dont I'epaisseur est inferieure a 4 nanometres. 
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